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Abstract
The implementation of a solar PV emulator. Creating a controllable testing environment which
sufficiently recreates realistic conditions a photovoltaic cell would experience in real world use. The
project aims to accurately show the efficiency and reliability of a solar PV cell, opposed to an ideal model
which creates unrealistic expectations. The PV emulator implements conditions such as: irradiance,
soiling and temperate changes. It gives feedback on a displayed IV curve and/or PV curve so the user may
graphically analyze the output their PV cell produces given various conditions. It allows the user
selectable conditions the solar cell may experience this way the user may generate data power data that
would reflect the respective conditions. To create an adequate educational tool, provided feedback from
the Solar PV Emulator in .xls format may be utilized at the students will. Overall, the solar PV emulator
creates an easy and powerful way to accurately test solar modules in such a way that creates non-ideal
data, necessary and valuable to those looking to learn more about solar PV.
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SECTION 1: Project Planning
1.1: Project Introduction and Objective

Research of photovoltaic cells in higher education has become increasingly prevalent and
important due to the urgent need to shift towards more renewable energy sources, facilitating a more
sustainable future. Sunlight is an abundant, energy-rich resource, which suggests that the use of PV
systems is a sustainable way to harvest the necessary power to supply the extensive energy demands of
humans.
Solar energy is a rapidly developing field, and it is important to train the future generations
to strive to advance the harvesting of sustainable energy. Although many techniques exist to harvest
energy from the sun, PV systems accounted for over 90% of installed U.S. solar capacity, with about half
of this capacity in utility-scale [1]. Courses on photovoltaic systems are currently offered within many
university STEM programs, however most schools lack access to the expensive equipment necessary for a
deeper investigation into this field. Current curriculum in this field offers lab-based learning of the
characteristics of solar panels, however the variability of weather and other factors prevent a repeatable
laboratory experience.
College campuses, and many small businesses need an easy way to perform short-terms tests of
designed equipment used in practical systems e.g., inverters with maximum power point tracking
(MPPT). The emulator is a powerful and accessible tool as it mimics the output characteristics of a
selection of real PV panel operating in a variety of conditions. Rather than waiting for the necessary
conditions to begin testing, the user can specify these conditions and assess the device’s performance.
The emulator being designed in this project will be a virtual instrumentation (VI) tool. The
emulator is a software-based project that uses LabVIEW, which in essence, allows a computer to control
lab equipment, in this case programmable DC power supply. The emulator will have an easy and intuitive
GUI to allow seamless interaction between the engineer and the program. The environmental variables,
configuration of the array, and PV cell type will be specified within the software.
The emulator software calculates the proper output voltage characteristics using collected data
from the last few decades of research. The software will account for differing conditions, as
well as dynamic loads, using active control. Effectively developed VI tools using the described techniques
provide an industry-standard tool, to be used by companies and students, to accurately assess a piece of
equipment’s performance [2]. Mathematically modeling solar cells is a verifiable approach for general
analysis of PV systems [3].
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The main factors that determine solar module operation are light intensity, shading and/or soiling
and temperature.
Irradiance is a measure of light intensity, measured in W/m2. It describes the amount of power
that radiates over an area. The larger the solar panel, the greater the power it produces, due to its linear
proportionality to surface area. Additionality, two solar panels of the same size, but have light of different
intensities will also have different power production. The panel receiving more intense light will produce
more power.
Shading, a common detrimental effect on solar systems, can decrease solar production from 1115% in simple edge shading cases [4]. Shading occurs when there is an obstruction preventing the light
from reaching some (or all) of the panel's area. Shading can be caused by
any translucent object e.g., birds, trees, etc. A proper choice in location for the solar farm can make
shading from physical obstructions less of an impact. More commonly, shading is caused by the
unfortunate phenomenon of soiling. Soiling occurs when dust and dirt accumulate on the solar panel's
surface. Dust is considered an environmental stimulus, third in importance after irradiance and air
temperature [5]. Each grain of dust will block a small portion of the panel, covering a few PV cells. A
clean solar panel will have no significant blockage from shading (~0%) as the entire surface is exposed to
radiation. As dust builds up over time, there accumulates a partial blockage of some PV cells. A panel
completely covered with soil, allowing no light to reach the solar panel will have 100% soiling.
The amount of power loss from soiling depends on the angle of incidence as dust "shadows" are
larger as light hits the panel at a more tangential angle. The emulator will calculate the exact power loss
from the combination of factors.
Light diffusivity will alter the solar cell's performance due to the loss of directionality of the
sunlight. Cloud coverage will diffuse light, resulting in indirect light, which generally produces fewer
shadows (which can be seen on a cloudy day). This will be accounted for in the emulator, as specified by
the user.
Temperature will not usually alter the blockage of the solar panel, but instead alters the behavior
of each PV cell. The main effect of increased temperature for a monocrystalline solar cell is a reduction
in Voc (open circuit voltage), and hence the cell output power which means the cell suffers reduced
efficiency [6]. Due to the significant role that temperature plays in PV cell performance; it is an important
consideration for the PV emulator.
Multiple types of PV cells are typically used, each having their own behavioral differences. PV
cells generally can be classified as monocrystalline and polycrystalline panels. Due to their presence in
practical systems, the emulator should have the ability to accommodate both types of solar panels.
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The PV emulator's characteristics will be based upon studies conducted previously. Solar panel
behavior, given a set of operating conditions, can be described by a single I-V curve. The generated curve
is unique for a specific set of variables (each described above). Regardless of the load, the relationship
between the current and voltage is fully defined by this curve, and an effective emulator will output the
same voltage and current given a certain load.
The equipment being tested using the emulator will commonly draw variable amounts of current.
When the load begins to behave differently, the emulator must detect these changes and quickly adjust the
voltage appropriately. This ensures the system’s operating point lies on the IV characteristic curve.
This project will assist in the pushing of advances toward renewable energy resources. It is
important to consider the impact of a widespread implementation of solar power. Although solar energy is
abundant, other environmental impacts of widespread solar energy need to be considered. The production
of solar panels is not a clean process, producing harmful chemicals, such as hydrochloric acid, sulfuric
acid, nitric acid, hydrogen fluoride, 1,1,1-trichloroethane, and acetone [7]. Promoting a solar-based
energy grid will come with costs, as most aspects of engineering come with tradeoffs. Although the
number of solar panels purchased for testing purposes is small in comparison to ones used in solar farms
or residential applications, we can note that a wide-spread use of PV emulators for testing plays a role in
reducing the production of these harmful chemicals.
The PV emulator will help develop more efficient ways to implement solar power. This may help
decrease the size and number of solar panels required to be produced to meet society's energy demands.

1.2: Customer Needs, Requirements and Specifications

Customer Needs Assessment
Customer needs the ability to accurately emulate any conditions a solar panel may experience.
From this point the customer should receive interpretable data, giving them functionality insight of a real
solar panel. The customer focus is students in higher education that wish to focus in solar system
engineering.
Via mathematical definitions of a solar cell, the user has the choice to introduce a variety of
external effects on a solar cell. The options the student has at their disposal must encapsulate common
real-world effects that a typical solar module may experience. Therefore, each external effect must be
considered with precision. Examples of common effects the student may emulate are power loss under
partial shading, efficiency in varying temperature and variable irradiance [8][9]. Furthermore, the option
3

of including more than one external effect at a time must be available to the customer, ensuring realistic
results to foster a better understanding of PV functionality. Through the LabVIEW software coupled with
a programmable DC power supply, the students must have the ability to test various loads in unison with
the emulated solar module.
Customer needs based on various experience and interviews. Project designer(s) have had classes
such as Sustainable Electric Energy Conversion and Solar Photovoltaic System Engineering. Each class
accurately describes the necessary needs of a student, or customer, this project requires. As a student in
these courses, this grants predefined knowledge of important customer needs. Furthermore, the project
advisor, Dr. Dale Dolan, makes an excellent resource for clarifying customer needs as a professional in
the solar industry and Professor of the previously mentioned classes.

Requirements and Specifications
The specifications arise in the Solar PV Emulator due to a mix of technical marketing
requirements and user marketing requirements. With the technical requirements ranging from emulation
variables to output parameters, and the user requirements focusing on student needs. Each designed with a
learning environment in mind and are necessary for the complete functionality of the project.
The technical requirements pertaining to emulation variables correlate with common
environmental effects experienced by a real PV system. These effects fall under previously mentioned:
temperature, shading/soiling, panel selection and irradiance. Temperature plays a vital role in the power
output of a solar module through its effect on the open circuit voltage of a PV cell. Cell temperatures
commonly operate in the 10°C to 70°C range, to give some room for testing purposes we have chosen this
range for our emulations [10]. Cell temperature typically exceeds ambient temperature by 10°C,
appropriately the ambient temperature emulation of this project mirrors this change [10]. The next
important factor considered regards mismatched module power due to obstructions such as soiling or
shading. In the case of shading, we must consider multiple factors. Primarily, the location and percent
shaded of an individual cell in a module has profound effects on the efficiency lost in a module [8]. For
this emulation system to give educational feedback, the logical step is to create a shading factor that
ranges from 0-100%, to allow testing of all possible scenarios. Furthermore, we must consider the
orientation of the shading, where shading across the vertical axis has a profoundly different effect than
shading across the horizontal axis [9]. This implies a necessary selection of the percent shaded in unison
with the orientation of the shading. Soiling represents a form of shading, that creates different
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inefficiencies in the panel. In this case soiling occurs uniformly across the entire panel [11]. Therefore,
the shading factor is represented by a “transparency” factor across the entire panel ranging from 0% (no
coverage) to 100% (full coverage). For certain corner build-up cases, the shading emulation factor may be
used, as it achieves the same effect. Monocrystalline and polycrystalline cell structures maintain the most
popular forms of solar cell in the current market. Therefore, the importance for students to compare these
two variations maintains importance in an educational setting. The primary differences of power output,
cost, and aesthetic [12] may be considered by students. Finally, irradiance must be considered in any solar
PV emulation. This factor represents the W/m^2 of solar irradiation experienced at the module level. As
STC standard irradiance is accepted as 1000W/m^2 we will implement a range of 0-1000W/m^2 to allow
adequate experimentation.
The output of this emulation corresponds to the output parameters and user requirements of the
system. Technically, after entering an emulation, the software LabVIEW must send data to a
programmable DC power-supply, which emulates the power output of the system. LabVIEW then returns
this data, and outputs various educational information like: MPPT and I-V curves, power output and
efficiency. To utilize this system effectively for education, these graphs must: allow for easy
interpretation, create accurate results and be exportable to .xls format. The importance for easy
interpretation lies in equitable usage by all students, where no student will have an advantage due to some
prior knowledge. Accuracy and ability to export to .xls maintain importance in allowing students to work
with and alter output data for lab scenarios.
TABLE I: Specifications and Requirements
Marketing

Engineering

Requirements

Specifications

1

Justification

System must emulate cell temperatures

Solar cells commonly range 10°C to 20°C

ranging from 0°C to 70°C

above ambient temperature, neglecting
extreme cold as they do not apply to
general solar conditions.

1

System must emulate ambient

Ambient temperatures in warm places,

temperatures ranging from -10°C to

where solar panels are often implemented,

50°C

should not exceed the upper limit of this
specification while the lower limit allows
for effective testing.

5

2

System must emulate soiling and

Shading of solar panels has different

shading from 0% (no effects) to 100%

effects on the output depending on the

(full coverage). Shading separately

area affected. The user may control effect

applicable on a vertical and horizontal

on either series or parallel cells. Soiling

axis, while soiling covers the whole

may confine to one location, but a more

panel uniformly in the range mentioned

valuable emulation would come from an

previously

expansive soiling factor. Furthermore,
user can reutilize shading to represent
minor soiling.

1,8

All panel conditions adjustable in

This level of precision allows the user to

increments of at least 1%. This

accurately emulate specified conditions.

corresponds to temperature changes of
0.6°C and/or shading as a percentage of
a full-sized module
4

System must allow a solar panel

Solar panels are made with various

selection of monocrystalline,

designs, it is important for the user to

polycrystalline, or thin film

compare these designs under similar
conditions.

3,5

3,5

System must output a(n) P-V curve, I-V

Students must have this information

curve, and power out which is refreshed

output to accurately understand the

after any changes made to the emulation

emulated effects on solar panels.

Graphical and numerical data should

Should output high accuracy data,

make measurements with an accuracy of

representing real conditions.

0.01 for voltage, current and power/
5

System must create an extractable .xls

An excel file creates value so that

file.

students may graph and compare MPPT
and I-V graphs.

5

Straight forward system, user must

This system intention for educational use

understand general functionality of

and therefore requires easy to understand

system within two, aided, three-hour

and use interface for students with basic

periods.

computer skills. In ideal use, a professor
may assist students in learning the system
in two laboratory periods, or six hours.
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6,7

System must emulate irradiance from 0

The highest possible irradiance seen on

W/m2 to 1000 W/m2 in increments of 10

Earth’s surface accepted as 1000 W/m2.

W/m2 [3]

Therefore, the emulator needs to reach
this upper limit and varying values below
it.
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System emulates one full size panel,

Most solar cells have a power range from

with power limit of 10% under power

200-400W, given the power supply in use

supply rating

we will easily meet this requirement

Marketing Requirements
1. System should precisely emulate temperature factors
2. System should emulate conditions such as: soiling, shading, and diffuse sunlight
3. System should output easily interpreted graphical and numerical data
4. System should allow emulation of various types of solar panel designs
5. System should have easy use for education purposes
6. System should allow for user to scale Irradiance from 0 W/m2 to 1000 W/m2
7. System emulates one full sized module
8. System emulates conditions with high precision
Table I: Specifications and Requirements

TABLE II
Delivery Date

Deliverable Description

12/06/20

Design Review

11/30/20

EE 460 Software Design Demo

03/12/21

EE 461 demo

03/19/21

EE 461 report

05/28/21

EE 462 demo

06/04/21

ABET Sr. Project Analysis

05/21/21

Sr. Project Expo Poster

06/04/21

EE 462 Report
Table II: Deliverable Description
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1.3: Functional Decomposition
Block Diagrams:
The level 0 block diagram gives input and output characteristics of the overall Solar PV
Emulator. The inputs to the total system mirror the emulation factors described in the specifications and
requirements section. Each input enters via the LabVIEW control console. Meanwhile, the outputs
represent the various graphical and numerical information a user would expect after a given input. The
level 1 block diagram includes the various components within the architecture of the emulator. The first
stage of the level 1 diagram represents the user input, that LabVIEW then process. After this simulation,
LabVIEW then programs the DC power supply to set the anticipated power output the solar module
would produce. From here the power data returns and allows LabVIEW to process and graph the data in
the given formats.
Due to most of the project being software based, the level 1 diagram only has one additional block and
signal. The two blocks shown below in figure 2 represent the desktop application and the function
generator. The additional signal is the control signal that links the power supply to the computer.

Figure 1: Solar PV Emulator Level 0 and Level 1 Block Diagrams
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TABLE III
Module
Inputs

Outputs

Functionality

Solar PV Emulator System
•

Temperature: ambient and cell with 0.5°C accuracy

•

Shading: 0-100% shading on both vertical and horizontal axis’

•

P-V curve

•

I-V curve

•

Operating point

User inputs applied to controller. Controller is made through LabVIEW control
panel designed to adjust power output of programable DC Power Supply. Power
supply data returns to LabVIEW and output to monitor.
Table III: Solar PV Emulator Functionality Table

TABLE IV
Module

LabVIEW

Inputs

•

User defined inputs via control panel

Outputs

•

Voltage and Current characteristics applied to Power Supply

•

Data from Power Supply to monitor

Functionality

Using LabVIEW as a simulation software that emulates the diode model of a solar
panel. Inputs to LabVIEW encompass factors like: Irradiance, Shading,
temperature etc. LabVIEW produces voltage and current values based on these
subjects, then sent to a Programmable DC Power Supply and produce a realistic
output.
Table IV: LabVIEW Functionality Table

1.4: Project Planning/Gantt Charts and Cost Estimates

The Solar PV Emulator has two major expenses. Primarily, the work hours of the project. Work
hours center around an expected 180 hours during winter and spring quarter, as denoted by the project
9

advisor, Dale Dolan. Higher estimates correspond to unforeseen time extensions, while lower estimates
correspond overestimated time durations. An expected salary of 30$/hr for the two students in the
project derives from the lower percentile hourly wage estimates provided by the U.S. Bureau of Labor
statistics [16]. The secondary expenses spawn from potential software and/or hardware requirements
needed to complete the project, While a Cal Poly provides a licensed version of LabVIEW, a
potential to require more advanced software exists, leading expenses to include a potential yearly
subscription. Listed data on the National Instruments website implies a $407 for the standard version.
Though most required data is available through literature search and datasheet
information, with likelihood supplies such as sample PV Cells, PV Glass or test loads may be necessary.

Table V: Cost Estimates

Gantt Chart(s) /Schedule

The schedule for this project relies heavily on the quarter structure of Cal Poly. The project
planning and research takes place primarily from September 2020 to December 2020. This portion of the
project includes the formation of the project report, research in to the ABET senior project analysis, and
the first customer report from our customer, the project advisor. This schedule has major importance on
the progress of the project. The project design portion of this project, noted in fig 3, occurs during the
winter quarter from January 2021 to March 2021. In this stage project members separate the project into
two design reviews. The first design implemented includes the basic components of testing a simple
anticipated final design. This review includes the testing of an irradiance model, shading model, and
soiling model. Each of these implementations allow approximately a week to complete. The second
design review includes the remainder of the emulation factors, coupled with the design requirement of
graphical output. Finally, during the final months of the project, we aim to create a product that perfectly
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matches the design described by the customer. At this point the sole focus is tweaking and creating a final
design.

Figure 2: EE460 Gantt Chart

Figure 3: EE 461 Gantt Chart

Figure 4: EE462 Gantt Chart
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SECTION 2: Solar Cell Model Overview
2.1 Solar Cell Fundamentals and Physics
Solar cells generally consist of semiconductor materials such as: Silicon, Gallium Arsenide
(GaAs) or Cadmium Telluride (CdTe). To discuss this project most accurately, the discussion regarding
solar cells revolves around silicon, the most used solar cell. Silicon is doped with n-type phosphorus and
p-type boron, to create excess electrons and electron holes, resulting in a photo-sensitive diode. As
electrons are excited by photons and promptly return to stable states, a voltage as light is absorbed into
the semiconductor. Utilizing conduction bands on the front and back the semiconductor the cell may now
be used to generate a current due to the difference in voltage between the top and bottom layers of the
silicon. An example of this layout can be seen in Fig. 6.

Figure 5: Example of Si cell cross section, (A) is the more common style of cell structure, while (B) is a more complex version
with passivation
]

Solar cell operation depends on a variety of factors, discussed later in this section.

2.2 Solar Cell Model
To adequately model a photovoltaic cell, this project aims to emulate the diode model of a PV
cell, a representation is seen in Fig. 7. This is the practical model of a single, unbroken, photovoltaic cell.
Pictured are the four main components of a cell model: The photogenerated current, the diode voltage
generated by the silicon, and the shunt and series resistance. The photogenerated current, IL is directly
related to the irradiance hitting cell. Meanwhile, the diode voltage is representative of the voltage formed
12

by the semiconductor as discussed in Section 2.1. Finally, the shunt and series resistance are relative
values that vary between each solar cell. These are measured values that represent parasitic losses in solar
cells. Ideal shunt and series resistances would be infinite and zero, respectively. Using this model requires
the predetermined knowledge of these resistances, discussed in Section 2.3.4. In most cases the diode
voltage is determined via measurements obtained via product datasheets. In finality, there is the voltage
and current of the solar cell. These are the values used to generate the IV curve of the solar module, with
emphasis on the short circuit current Isc and open-circuit voltage Voc. In a single standard 156x156mm
solar cell these values are typically ~8 amps and ~0.6 volts, respectively.

Figure 6: Practical solar cell circuit model

2.3 Model Implementation
The model in Fig. 7 is representative a singular solar cell. To emulate real world solar panels, the
model must be adjusted to represent a variety of modules. This is achieved with the relatively simple
construction of solar modules. Solar modules consist of solar cells added in series. As such, the emulated
models’ voltage is a linear relationship of voltage to cells, while the series current remains the same
throughout the system. This fact greatly simplifies the digital model constructed in LabVIEW, as the
entire module can be treated as a single component. The current voltage relationship can be seen in Fig. 8,
which compares the additions of cells in series and parallel. Note that cells in parallel is not particularly
useful for this emulation, but rather aides in the understanding of the system.
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Figure 7: Comparison of cells added in series vs. parallel. Note most cells are added in series, as a single cells current is
relatively large at Isc, whereas 60, 0.6V cells in series is ~36V at Voc.

2.3.1 Irradiance
Of the external variables to photovoltaic operation, the solar recourse is the most pivotal.
Irradiance, measured in watts per meter squared, is generally a value ranging between 0 and 1000W/m^2
at the earths surface. In the case of the IV characteristics, it is linearly related to the current produced by
the solar cell, and in any given day cycle, is most variable. Similarly, the voltage increases with respect to
irradiance. These relationships are discussed later, in section 2.3.4. And example of an IV curve at
varying Irradiances is shown in Fig. 9. Regarding the solar PV emulator, the maximum Isc will be limited
by the max available output current of the DC power supply, and therefore the Irradiance. Therefore,
short circuit current must be kept in mind when selecting a panel to emulate.

14

Figure 8 :IV curve dependency on irradiance

2.3.2 Temperature and Shading
The next major factor to determine is the ambient temperatures effect on PV operation. In
practice, higher temperatures result in notably lower open circuit voltages, and marginally higher short
circuit voltages, at the same irradiance. In mathematic terms, this equates to temperature coefficients for
both the Voc and Isc characteristics of a solar module. These values are typically given in %/°C, and are
often a part of solar module data sheets. This is most important when considering the maximum voltage
available from the power supply. Similarly, when using the solar emulator to compare module production,
a simple 10°C change in temperature can cause a 10% change in efficiency [10], implying the importance
of temperature correction in solar emulation.

15

Figure 9: IV curve characteristics based on temperature.

2.3.3 Shunt and Series Resistance
Shunt and Series resistance are each representative of parasitic resistances seen within each cell.
As previously mentioned, an ideal shunt and series resistance would be infinite and zero, respectively.
This is the ideal model of a solar cell’s parameters, and therefore creates an unrealistic representation of
the IV curve. Shunt resistance is generated via crystal defect in the silicon material and electrode leakage
of the contacts, while series resistance is formed mainly in the resistance of the cell, as well as the internal
resistance of the electrodes[13]. Typically, Rsh and Rs are measured values, taken directly from each
panel. To circumvent this issue, these values are lifted from the NREL’s software, System Advisory
Model (SAM). SAM’s database of solar cells allows accurate panel data to be applied, allowing
emulation of most standard cells available on the market. Furthermore, certain datasheet values, like Isc
or Voc, can be checked in this resource.

2.3.4 Mathematic Formulation
The mathematic formula to create any given panels IV curve is a cumulation of the attributes,
which are then used to calculate key values such as, the thermal voltage, the panels short circuit current
and open circuit voltage, reverse saturation current of the diode, and light current of the panel. The values
given in a datasheet, or taken from SAM, are given in Standard Testing Condition, or STC. STC is the
industry standard for solar panel testing, which are: 1000 W/m2 irradiance seen by panel, a cell
16

temperature of 25°C and no wind to aid in cooling. While this defines cell function, the standards given
are an ideal representation. As such values like Isc and Voc must be calculated under given conditions.
Following are the ordered calculations required to produce the IV curve.

𝑉𝑜𝑐 = 𝑉𝑜𝑐(𝑐𝑒𝑙𝑙) ∗ 𝑁𝑠 (1)
𝑇𝐾 = 273 + 𝑇𝐶 (2)
𝑣𝑡 =

𝐴 ∗ 𝑁𝑠 ∗ 𝑘 ∗ 𝑇𝐾
(3)
𝑞

𝐾𝑖
)) ∗ (𝑇𝑐 − 25)) (4)
𝐼𝑠𝑐𝑇 = 𝐼𝑠𝑐 + ((𝐼𝑠𝑐 ∗ (
100

𝑉𝑜𝑐𝑇 = 𝑉𝑜𝑐 + ((𝑉𝑜𝑐 ∗ (

𝐼0 = 𝐼𝑠𝑐𝑇 /(𝑒

(

𝐾𝑣
)) ∗ (𝑇𝑐 − 25)) (5)
100

𝑉𝑜𝑐𝑇
)
𝑣𝑡

− 1) (6)

𝐺
𝐼𝐿 = 𝐼𝑠𝑐𝑇 ∗ (
) ∗ (1 − 𝑠ℎ𝑎𝑑𝑒) (7)
𝐺𝑟𝑒𝑓
𝐼 = 𝐼𝐿 − 𝐼0 ∗ (𝑒

𝑉+(𝑖∗𝑅𝑠)
𝑣𝑡

− 1) − (𝑉 + (𝑖 + 𝑅𝑠))/𝑅𝑠ℎ) (8)

The equations start at (1), defining module voltage by combining a single cells voltage with the number of
cells. Following is a simple Celsius to Kelvin calculation, as each is necessary for different portions of the
following equations. Vt is the diode thermal voltage, representing the “diode” in the circuit equivilent
model. Equations (4) and (5) utilize the temperature coefficients to define the temperature dependent Isc
and Voc values. I0 is the reverse saturation current of the diode in equation (6) while IL is the light current
generated by the panel in (7). These two equations are finally applied in (8),or the Shockley diode
equation, which generates the IV curve via indexed for loop. Variables and their definitions are supplied
in Table VI.
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Variable

Isc

Description

Units

Short circuit current at STC.

A

Open circuit voltage of a single PV cell at STC

V

Ns

Number of PV cells included in solar module

-

Voc

Total open circuit voltage of series combined cells

V

Kv

Temperature coefficient of modules voltage characteristic

(%Voc)/°C

Ki

Temperature coefficient of modules current characteristic

(%Isc)/°C

A

Diode quality factor

k

Boltzmanns constant, relates kenetic energy of particles to

Voc(Cell)

-

joule/K

temperature. Equals 1.3806x10^(-23)

q

Electron charge of 1.602176634×10−19

vt

Diode thermal voltage

V

TC

Cell temperature in Celsius

°C

TK

Cell temperature in Kelvin

K

Rs

Parasitic series resistance of cells

Ω

Rsh

Parasitic shunt resistance of cells

Ω
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coulombs

G/Gref

Irradiance seen by panel and reference irradiance.

W/m^(2)

IscT

temperature adjusted short circuit current

A

VocT

Temperature adjusted open circuit voltage

V

Shade

Representative of percent coverage of panel

-

Table VI: List of variables, definitions, and units.

SECTION 3: LabVIEW and System Implementation
3.1.1 LabVIEW Description and Utility

The VI for the PV emulator is responsible for generating an IV curve from a set of user-specified
parameters. Once the curve is generated the program sets the voltage to a value that would ensure the
operating point of the load falls on the IV curve.
The main architecture of the VI is broken down into three main components. Data entry, IV curve
and operating point calculation using Mathscript, and graphical visualization.

3.1.2 Data Entry

To emulate a solar module, there are two required categories of information needed:
module parameters and external conditions. Module parameters were discussed in Section 2,
consisting of number of cells, open circuit voltage, short circuit current, voltage and current
temperature dependencies, and the series and shunt resistance. With access to these
characteristics nearly any module’s IV curve should be reproduceable. To enter these values into
the virtual instrument, they should be entered into a comma delimitated format. The most
accessible way to implement this is using an excel spreadsheet, then saved as a text file. From
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this stage, a LabView case statement may be used to select a given panels characteristics, format
them into an array, and send them to the curve and operating point calculation. As seen in Fig. 9
and Fig. 10 this component has been made into a sub VI, making the overall structure more
legible, and easy to work with.

Figure 10: Panel selection Sub VI. Shows external view in main Virtual Instrument.

Figure 11: Internal look at panel selection Sub VI

Following the module components, the irradiance and temperature data must now be applied. For
this project there are two possible emulations to choose from. A live cycle, where the user may manually
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change the temperature and irradiance to see the effect on the IV curve in real time, or the day cycle,
where data can be taken from a comma delimited file, like the panel data. Depending on the chosen
format the IV curve generates at different rates, dependent on the number of data points. For a live cycle,
the VI selects the data entered and generates the curve accordingly, whereas the day cycle must pregenerate the IV curves before they can be displayed on the graphing component of the VI. As such, the
selected cycle changes the general run time of the program. Notably, shading is also an available
parameter to adjust, however it is only available in the live cycle due to its relative irrelevance in the day
cycle.

Figure 12: External view of irradiance and temperature selection sub VI
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Figure 13: Internal view of irradiance and temperature selection sub VI, the day cycle (top) and live cycle (bottom) are both
shown, each being chosen by a Boolean true/false option.

3.1.3 MathScript

MathScript is a LabView package to implement MATLAB code inside a virtual instrument (VI). This
section focuses on the algorithm used to ensure the output voltage and load current will lie on the PV
curve, generated based on user-specified parameters.
The VI reads the current through the load. The current measurement along with the supply’s output
voltage is used to obtain the operating point. The goal is to change the output voltage to force the
operating point to lie along the IV characteristic curve for the emulated PV cell.
The script uses a load-line iterative algorithm to accomplish the required intersection. The figure below
shows the block diagram of the algorithm.
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When the initial PV curve is generated for the given parameters, the loop shown in the figure
determines the proper output voltage using a load-line technique. First, the output voltage is initialized
arbitrarily. The load will begin to draw current. The program then enters the loop. First, Iout is
measured by the VI. The program then stores the city-block distance between the operating point and
each point of the IV curve, then stores the values in an array. This effectively finds the nearest
intersection between the load-line and the IV curve. The voltage where this value is a minimum is the
new Vout, and the algorithm is repeated.

3.1.4 Graphing and Visualization

After the IV curve(s) and operating point(s) have been determined in the Mathscript module, they
are sent to a separate timed loop which separates the voltage and current values, acquires short circuit
current and open circuit voltage, determines current operating point values, and determines the PV curve.
This requires a relatively simple overlay of IV curve, PV curve and operating point on an XY graph.
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Considering the limitations of the power supply in use, the range of voltage and current values mirror the
range represented in the graph.

Figure 14: External view of graphing sub VI

Figure 15: Internal view of graphing sub VI, where PV curve and operating points are found

3.2 Front Panel
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The front panel of the VI refers to the user interface of the previously defined LabVIEW project.
It is where panel data and external data are selected, live or day cycle is determined, instrument
connection is established, and results are displayed numerically and graphically. Fig. 16 shows the front
panel, accompanied by descriptions in Table VII.

Figure 16: Front panel, with accompanying description numbering

#

Description

1

VISA resource, and accompanying Serial configuration panel, must be properly set up for connection with
instrument.

2

Panel data and Irradiance/temperature data file paths. Direct to preferred comma delimited file here.

3

Live graph. Legend for each curve/point is shown at the top of the graph. This graphs range mirrors the
limitations of the power supply used in this project but may be altered to better represent different sized solar
modules.

4

Section allows control of day/live cycle. If Day cycle is chosen, the “Day Selection” drop down will
determine the processed data. Otherwise, the “Irradiance”, “Temperature” and “Shade” sliders will determine
the IV curve based on manual input. This section also allows for choice of solar panel.

5

This section displays the numerical value for operating point, as well as the open circuit and short circuit
value at any given time during the emulation.
Table VII: Figure 16 description table
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SECTION 4: System Operation
4.1 System output

In completion, the LabVIEW designed IV curve tracing works with incredible accuracy. In live
mode the user may fluidly transition from changes in temperature, shading and irradiance, with <300ms
input lag. Allowing the user to observe operating current and voltage of any passive resistance applied to
the program. Similarly, it is extremely easy to switch between modules and include user specified
modules, needing only the five defined attributes of Voc, Isc, number of cells, shunt and series resistance.
As such the user may even alter these respective values to observe the change in IV curve as a result.
Similarly, the addition of a day cycle analysis, in unison with real irradiance and temperature data allows
the user to collect worthwhile data on the overall functionality if any desired cell. Following are a series
LabVIEW screencaps that display the functionality of the LabVIEW system as described.
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Figure 17: Examples of LabVIEW output, resistance is applied prior to IV curve via random number generation, meaning the
operating point is discerned within the Mathscript code, as discussed in Section 3.1.3. Screencaps are taken during one run of the
program.

Figure 18: Same run as that in fig. 17 with addition of shading.

Figure 19: Same run as that in fig. 18 with change to full sized cell, notable increase in Isc and decrease in Voc.
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Figure 20: Examples of operation at short circuit (top), knee (middle) and open circuit (bottom)
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Although LabVIEW’s operation and results worked as intended, due to Covid-19 and a lack of
available in lab trouble shooting, no noteworthy results were gathered on true instrument connected
emulation. The reasoning and discussion on how to avoid this issue will be discussed subsequently in
sections 4.2 and 4.3. This does not take from the fact that as a simulation run in LabVIEW this project is
steps away from being fully recognized.

4.2 Specifications Verification and Adjustments

Figure 21: Revised level-zero block diagram showing inputs and outputs of system.

In reference to specifications described in Table I, many were not met due to a failure of getting
LabVIEW to communicate with the BK Precision Power 9153 power supply. This issue essentially
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negates many of the requirements set for the project. However, to display the achievements of the project,
requirements will be observed regarding the general completeness that the project allowed.
Marketing requirement 1, temperature adjustments, was easily met in practice. Not only were
ranges of 0°C to 70°C cell temperature easily met utilizing equations (4) and (5), but the general precision
of the temperature far exceeded expectation. We required at least 0.6°C of precision and achieved
0.001°C. Creating and astonishingly accurate model of temperature variance. Likewise, as per marketing
requirement 8, full irradiance control was achieved, without concern for lack of precision.
In concern with marketing requirement 2, some alteration was needed to both simplify the
program and the project. Shading was an easily applied factor to include in LabVIEW, and works as
anticipated. However, hindsight shows that soiling archives an extremely similar response to shading,
meaning there would be redundancy in LabVIEW as well as control. As such soiling was removed from
the emulation factors. Furthermore, diffuse irradiance provides little to no helpful insight for a user,
considering the number of factors that would be included to essentially make a redundant irradiance input.
LabVIEW allowed marketing requirements 3 and 4 to be easily met, as the ability to read data
graphically is a vital function of the program. Likewise, data may easily be lifted from LabVIEW, as it is
stored in large arrays when emulation is underway. Furthermore, there is notably flexibility in LabVIEW
to read comma delimited data, allowing any panel to be emulated provided the necessary measurements
are available to the user.
Overall, the system is very easy to use, allowing the easy-to-use requirement to be met. The final
application made in LabVIEW is very easy to understand, and titles accurately describe all workable
regions of the program. In essence, most specifications were met with ease. The only factor not met are
those that relate to the in-lab emulation.

4.3 LabVIEW Connection Issues

The primary fault in the system that prevented the emulator from functioning as planned was the
communication between LabView and the B+K Precision 9153. From the limited time we had access to
the lab due to COVID-19, we could only make a conjecture of what prevented proper communication
between the VI and the power supply.
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Figure 22: Communication troubleshooting block diagram.

Figure 22 above shows the block diagram of the setup that would be required for the VI and the
B+K Precision 9153 to communicate properly. We purchased a USB 3.0 to GPIB cable adapter and ran
the cable from our PC’s USB port to the power supply. After installing the adapter’s driver on our
computer, we realized the driver software is only compatible with the Windows 7 operating system. We
verified that proper communication can be established when using our professor’s computer. Professor
Dolan’s computer had an older version of LabView which did not include features required to implement
our VI.
Based on the results described above from troubleshooting, we can deduce the problem with our
setup was the outdated driver software. Connecting the computer with the older operating system
worked, from which we can conclude the physical cable connection from the PC to the B+K Precision
9153 power supply was working. To verify proper communication between the VI and the driver
software, we ran an example program that writes a voltage to the power supply from Professor Dolan’s
computer. We can deduce the issue with our system was in the outdated driver.
If we had more time to proceed with implementing our project, our next steps would be to find a
newer power supply where a driver designed for a current version of windows exists. Another solution
would be to modify the VI to work with the older version of LabView, so the emulator could be run from
our professor’s computer.

SECTION 5: Conclusion

The solar PV emulator project applies LabVIEW instrument control in unison with a
programmable DC power supply to accurately emulate any solar module given adequate information.
This devices allows repeatable conditions, accurate output results, live and day cycle emulation and full
control of IV and PV curves. Furthermore, the user can observe the operating point of a passive load
applied across the emulated solar module.
The emulated solar module is limited only by the power supply used in emulation. The user may
emulate anything, from a single solar cell to a full-size panel, assuming the voltage and current limits of
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the power supply are not exceeded. This includes potential exceptions, for example when emulating a
cold temperature condition, there is concern that the increased open circuit voltage may exceed the power
supply voltage. Other than some fringe examples, the user must simply be aware of the supply constraints
before choosing a panel to emulate.
The user can change the irradiance, temperature and shading of the emulation at their discretion.
Being the three main external components to photovoltaic cell operation, these are by far the most
important components to consider. The user may scale irradiance from 0 to 1000 W/m^2, the accepted
range of irradiance on the earth surface. Similarly, shading may be scaled from 0-100%, allowing the user
to observe the current related effect on the solar module’s operation. Finally, temperature may be adjusted
from 0-70°C. While this does not meet every possible temperature a solar module may experience, it does
house a typical range, and includes values of 25°C and 45°C should the user want to make STC or NOTC
calculations.
Finally, due to limited lab experimentation, the finality of the project was not realized as it could
be. The bulk of the project is maintained in LabVIEW, which allowed the creation of an excellent IV and
PV curve model, as well as the operating point of a resistance. However, the lack of in lab time restrained
the ability to properly learn the interfacing method needed to communicate with the in-lab power supply.
Under different circumstance this would simply be a timely process, where trial and error would allow the
project to move forward. Given the limited lab time, the project goal was unreachable. In future iterations
this should be a strong focus of the project, discussed early in the design process.
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APPENDIX A – ANALYSIS OF SENIOR PROJECT DESIGN
Project Title: Solar PV Emulator
Name: Tristan Studer

Signature:

Name: Cody Kremer

Signature:

Advisor’s Name: Dale S. Dolan

I.Summary of Functional Requirements
The PV emulator is a bench-view based software that will control a DC power supply to emulate
photovoltaic cell under user-specified conditions. The conditions the user will specify are a set of
operating variables under which the solar cells performance is impacted.
The PV emulator characteristics will be based upon collected data under various constraints. Since
practically all-weather conditions cannot be tested, the data will need to be appropriately interpolated for
all general conditions.

The user must be able to easily add additional to improve performance over time. The software must be
able to take MATLAB or Excel files to apply the new data to the software with ease. This allows testing
to be performed widespread.
Since the software will be used to test various components such as inverters with maximum power point
tracking (MPPT), the software must be able to emulate behavior under dynamic conditions and vary in a
similar matter as actual weather would.
It is important for the software to be user-friendly. A poorly developed software that is unintuitive will
repel users from using the software, encouraging the traditional (and unsustainable) testing of PV cells.
The software needs to be written in an easy-to-follow, cleanly structured and well commented format to
allow for future employees to contribute to the development with ease. This saves time (and labor
costs).
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II.Primary Constraints
•

The emulator will be capable of models with 1-72 cell systems.

•

The emulator will output voltages between 0.35 and 60 V.

•

Based on B+K Precision 9153 power supply’s tolerance ratings, the deviation of the
emulator from experimentally obtained voltage measurements must be less than
0.5%.

•

The PV emulator will have the ability to emulate powers bounded by the B+K
Precision 9153 power supply’s rated max power of 540 W (60V at 9A).

•

The software must detect defective data being added by comparing to current output
characteristics.

III.Economic
The potential economic impact of an emulator developed can save companies costs of solar cells used
for testing applications. The economic impact of a single company implementing this software would
be small on a global scale, but an emulator is easily widespread (can simply be downloaded), making
a significant global savings over the sum of all the companies using this software.

The biggest economic impact of this project will be due to the opening of opportunities for startup
photo-voltaic companies to have affordable access to reliable testing of PV systems without the need
to invest in extensive testing equipment. The emulator also will save testing time as the user will no
longer have the need to wait for proper weather conditions to test PV cells. In addition, the emulator
is location independent saving valuable time (and labor costs) to these businesses.
The third target user of this product is students, allowing them to be more equipped with learning
resources to better prepare them for a career in sustainable research. Since software does not
depreciate over time, a company will not have the need to reinvest in equipment. (practical cells
decay over time).

IV.If Manufactured on a Commercial Basis
If the software becomes widespread on the market, it is important for the software to be nonsubscription based, as a recurring payment discourages implementing a testing method more
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sustainable than using true PV cells. This may be an issue due to the fact economic resources are
needed to pay for the cost of labor to keep the software running for up-to-date PV technology. If a
recurring payment is required, it is important to keep the cost low enough to make the emulator an
easy investment to promote a more sustainable method of testing.

Another solution to making an up-to-date product is to allow users to upload their own collected data,
as widespread testing allows for more variables to be accurately represented from all locations.
PV technology is making rapid advancements and it is important for the software to keep up with the
state-of-the art technology. The software loses its value if it becomes outdated, as industry standard
solar cells used.

V.Environmental Impacts
One strong point of this project entails its potential to avoid unnecessary production of physical PV
cells. During the manufacturing process of photovoltaic cells, several harmful and toxic chemicals are
emitted, namely in the refining of silicon from quartz [14]. The Solar PV Emulator negates the need
for simple testing cells, allowing the user to determine power output a module may experience under
varying conditions. This has immense environmental value coupled with the fact the PV Emulator
likely outlives any given PV cell, often delicate and prone to fractures and cracks, which prompts the
purchase of new cells.
Furthermore, it avoids the need for silicon (quartz) in the production of PV cells. While silicon does
not fall under a rare material list, many uses for the element that do not fall under PV cells. This
project also works towards reducing the use of silicon which creates a more sustainable lifetime use.
The intention of this product is teaching students about the solar resource. Added environmental
knowledge in understanding this concept also raises awareness and viability of a
renewable/sustainable resource like solar PV.
There is not a major ecosystem this project serves to improve or harm. While the toxic products
of manufacturing solar cells persist, other potential harms include excessive use of land, pushing
animals out of their defined habitats and the use of water in production [7] In both cases, the variable
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factor is the size or magnitude of the solar system in question. While a 1MW+ solar farm certainly
creates these issues, a smaller system much less a simple test cell will completely avoid these issues.
As previously mentioned, the use of land at the detriment of an ecosystem and the life contained
in it are largely unapplicable to this project. However, without question this project create the same
benefits for non-human life that it does for human life. The reduced production and therefore reduced
toxic material produced is beneficial for nearly all forms of life. In general, the knowledge on solar
PV generated from this project will have long-lasting effects on our environment that will certainly
improve our human impact on nature.

VI.Manufacturability
The three main challenges manufacturing this project fall under: component
specifications, component compatibility and program functionality. For component
specifications a decision on what range of power supplies the user may utilize in this project.
This creates a time related process as the team narrows in on acceptable options. A defined
power output, as well as accuracy must be found in this case. Similarly, we must ensure that
the programmable supply has compatible usage with LabVIEW, further reducing the options
available to us. Finally, the required specifications of the system running LabVIEW, as well
as getting a better grasp on what is available to us from LabVIEW in terms of usability.

VII.Sustainability
This system has relatively low maintenance over time. The two primary components, DC power
supply and LabVIEW, each have minimal upkeep requirements associated with them. For instance,
power supplies typically have long lifecycles, limited only by user error that may cause degradation
of the system or the introduction of newer systems, making some power supplies obsolete. In each
case, there are no relations between this project and the actual lifecycle/upkeep of the supply.
Furthermore, National Instruments LabVIEW software maintains continuous observation via
LabVIEW, meaning it has consistent support for future users.
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As mentioned in the environmental section of this analysis, this project has e a clear beneficial effect
on sustainable uses of materials such as Silicon or Gallium Arsenide. Avoiding this manufacturing
ensures: less panels being made, and more panels utilized for actual energy production purposes.

A potential upgrade for this project entails incorporating more than one programmable power supply
under one emulation. In this case, the user would have the ability to emulate larger power
productions, the use of multiple MPPT inputs into an inverter, and the effect on various larger loads.

The challenge with this potential upgrade is determining whether it is viable from the software
LabVIEW, and if it has an effect that would make a less sustainable usage of the product. While
emulating conditions with small loads does not create a large impact, there is certainly a notable
waste of energy resource occurring when using a power supply to emulate these effects.

VIII.Ethical Implications
The primary ethical dilemma this project poses involves the methodology behind keeping the
software most up to date. The proposed method for keeping this software up to date is to allow
companies to import their own data into the model, and the model will adapt with the current
technologies.
The time companies put into collecting data is financially taxing, and economically helping
competing firms is a poor decision, as it boosts other companies’ performance at greater cost to
them. Despite the utilitarian action of allowing this data to become public domain, often the inherent
“selfish” practices companies have (and often require) to keep their business running smoothly
prevent this system to work without external intervention.
A proposed “solution” is to require developer access to all data uploaded into the program. This
would prevent the issue of companies keeping their data for their own use and would benefit the
greater good.
This poses an ethical dilemma. Is it better to impact the greater good by copying companies collected
data even though in makes a positive impact for the greater good? The only other alternative is to
have the PV emulator perform their own testing however this would require travel and defeat many of
the positive impacts this project may produce.
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This is a challenging question to answer, and views can vary between individuals. I believe it is
ethical to have a cloud-based data collection if the users of the software are clearly informed that the
information is being used in updating the software’s PV cell models.
Another important ethical consideration to keep in mind is based on the 2nd IEEE code of conduct
statement. “to improve the understanding by individuals and society of the capabilities and societal
implications of conventional and emerging technologies, including intelligent systems.” [22] This
project must take this into consideration to ensure no barriers erupt due to inconsistencies our
emulator could present with respect a practical photovoltaic system.

IX.Health and Safety
To ensure the safety of the users of the emulator, it is important to ensure reliable operation that will
not damage any equipment and ensure protection of any faults and failures that may be a danger in
operation.
Although traditional methods require precautions to be taken on the user’s end, implementing a
precautionary system, involving user guidelines and commentary, improves both the quality and
safety of the PV emulator.

X.Social and Political
The social impact of this project encourages more companies to research new technologies that
improve the efficiency and performance of PV systems. Although the equipment tested on PV cells
most likely will be used in efficient conversion of solar energy, the primary issue still lies in the
energy storage harvested from the sun. This is beyond the scope of this project, however in the future
when newer battery technologies emerge, this system plays an important role in the evolution of PV
technology.
Furthermore, this project opens the door to students in situations where the viability of working with
real PV is slim. Given this device, the number of students who can access solar system learning tools
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will drastically increase, giving way to a new generation of electrical engineering students with
positive background in solar PV.

The political impact of a software being released can make efforts to create a sustainable future and
help press the agendas government officials are investing efforts pursue. The widespread nature of
software-based projects can catalyze the spread of this innovative method in testing equipment,
allowing for a greater impact to be made.

XI.Development
The development of this project can be broken down into three individual parts. 1) The collection of
data from real PV cells under each of the conditions, in both literature and physical experimentation
as needed. 2) The design and implementation of the user interface (UI). 3) The workings behind the
software, including the processing of experimental data, as well as the basic workings and logical
flow of the software structure.
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